The splitting of the Earth's free-oscillation spectra places important constraints on the wave speed and density structure of the Earth's mantle and core. We present a new set of 164 self-coupled and 32 cross-coupled splitting functions. They are derived from modal spectra up to 10 mHz for 91 events with M w ≥ 7.4 from the last 34 yr The new events provide significant improvement of data coverage particularly in continental areas. Almost half of the splitting functions have never been measured before. In particular, we measured 33 new modes sensitive to mantle compressional wave velocity, 10 new inner-core sensitive modes and 22 new cross-coupled splitting functions. These provide new constraints on the large-scale compressional structure of the mantle and the odd-degree structure of the mantle and inner core and can be used in future inversions of heterogeneous Earth structure. Our new splitting function coefficient data set will be available online.
I N T RO D U C T I O N
Measurements of the splitting of long-period free-oscillation spectra provide important constraints on the Earth's 3-D wave speed structure on scale lengths comparable to the Earth's radius. In addition, normal-mode data are the only available seismic data to constrain aspherical density structure (Ishii & Tromp 1999; Resovsky & Trampert 2003; Trampert et al. 2004) , albeit that trade-offs arise with mantle velocity structure (Resovsky & Ritzwoller 1999b; Romanowicz 2001; Kuo & Romanowicz 2002) . Nevertheless, normalmode analyses have indicated an anticorrelation between shear wave velocity and density perturbation in the lowermost mantle beneath Africa and the Pacific. This has had a profound influence on our understanding of the thermo-chemical structure and dynamics of the mantle, as it suggests the existence of compositional heterogeneity in the lower most mantle. New normal-mode measurements are essential to improve constraints on mantle velocity and density structure and further our understanding of mantle dynamics and it is hoped that our new data set will improve the reliability and robustness of tomographic models of aspherical density structure.
It is common to measure splitting function coefficients from normal-mode spectra using least-squares inversion (Woodhouse & Giardini 1985; Woodhouse et al. 1986; Ritzwoller et al. 1986 Ritzwoller et al. , 1988 Giardini et al. 1987 Giardini et al. , 1988 He & Tromp 1996; Resovsky & Ritzwoller 1998; Durek & Romanowicz 1999; Masters et al. 2000b ). Splitting function coefficients are linearly dependent upon the Earth's aspherical velocity and density structure. They have been used in tomographic inversions to obtain 3-D velocity and density models (e.g. Li et al. 1991; Resovsky & Ritzwoller 1999a; Ishii & Tromp 1999; Trampert et al. 2004) , often in combination with travelling wave data (e.g. Ritsema et al. 1999 Ritsema et al. , 2011 Masters et al. 2000a) .
The most recent compilations of splitting functions are now more than 10 yr old (He & Tromp 1996; Resovsky & Ritzwoller 1998; Durek & Romanowicz 1999; Masters et al. 2000b ). However, several large earthquakes have occurred (see Fig. 1 and Table 1 ) and the global network of seismic stations has expanded since then. Thus, it is timely to update the measurement of normal-mode splitting functions. We have already published new measurements of the longest period normal modes that had never been measured before using seismometers, including 0 S 2 and 2 S 1 . Here we present a new compilation of splitting functions that is almost twice as large as earlier studies, especially in the 4-10 mHz frequency range (see Fig. 2a) . A large number of the new modes are sensitive to compressional velocity (v p ) structure in the mantle (Fig. 2b) . Some of these v p sensitive modes were measured by Resovsky & Pestana (2003) ; here we will greatly expand the number of observed splitting functions for v p sensitive modes of the mantle. We will also add previously unmeasured mantle shear wave velocity (v s ) sensitive modes and inner-core sensitive modes (Fig. 2c) . 
T H E O RY A N D M E T H O D

Normal-mode splitting functions
Normal modes are standing waves along the surface and radius of the Earth. The observations and modelling of normal modes require day-long, high signal-to-noise waveform data generated by large (M w > 7.5) earthquakes. There are two types of modes: spheroidal modes n S l , which involve P-SV wave motion, and toroidal modes n T l , which involve SH motion. Since we are particularly interested in improving constraints on compressional mantle structure, we will be measuring spheroidal modes. Normal modes only exist for discrete natural frequencies; each mode is characterized by its radial Figure 2 . Frequency versus angular order l of the measured modes, (a) all modes measured here, (b) the four 'branches' of modes particularly sensitive to compressional velocity v p in the mantle and (c) modes sensitive to the inner core. Black squares denote modes measured here, which have been measured before by He & Tromp (1996) , Resovsky & Ritzwoller (1998) or Durek & Romanowicz (1999) ; red squares indicate new modes for which no reported splitting function measurements exist in the literature. The numbers in (a) are the overtone numbers n of each branch; in (b) the compressional wave branches are annotated which cross-cut the overtone branches of (a). The dashed line in (c) denotes the division between modes mainly sensitive to inner-core v p (on the left) or v s (on the right).
order or overtone number n and angular order l. For fundamental modes n = 0. Modes with n > 0 are called overtones. The different branches with constant n can be identified in Fig. 2 (a). Modes with low radial order and high angular order are equivalent to laterally propagating waves in the upper mantle (i.e. surface waves). Modes corresponding to steeply travelling waves that are sensitive to the deep mantle and inner core typically have large n and small l (Nolet & Kennett 1987) . Frequencies of observed inner-core sensitive modes are shown in Fig. 2(c) . Each spheroidal mode multiplet n S l consists of 2l + 1 singlets. In a spherical, non-rotating, elastic, isotropic earth model the normalmode frequencies of one modal multiplet are degenerate, that is, all 2l + 1 singlets have the same frequency. The Earth's rotation, ellipticity and the presence of heterogeneity and anisotropy cause splitting, which removes the degeneracy resulting in distinct singlet frequencies. This greatly distorts the amplitude and phase spectra of the multiplets (Dahlen, 1968 (Dahlen, , 1969 Woodhouse & Dahlen, 1978; Woodhouse, 1980) , see Dahlen & Tromp (1998) for an extended overview. The splitting of the longest-period modes is primarily due to rotation and ellipticity of the Earth. Splitting due to heterogeneity and anisotropy is more dominant for shorter period modes.
In the so-called 'self-coupling' approximation, split modes may be treated as isolated and are only sensitive to even-degree structure in the Earth. If two (or more) modes are close in frequency, self-coupling may not be valid and 'cross-coupling' (i.e. resonance) between the two modes needs to be taken into account (e.g. Dahlen & Tromp 1998; Resovsky & Ritzwoller 1998; Deuss & Woodhouse 2001) . Here, we will only take cross-coupling into account between strongly coupled modes whose singlets cannot be observed individually. Wide-band coupling (e.g. Deuss & Woodhouse 2001) will be considered here a second-order effect. While direct inversion of spectra is the optimal way to incorporate normal-mode spectra in tomographic inversions (Li et al. 1991; Durek & Romanowicz 1999; Kuo & Romanowicz 2002) , we argue that a lot can still be learned from splitting function measurements, especially for modes that have not been studied before. Splitting function coefficients are easily used by other researchers and incorporated into their inversion for mantle structure (e.g. for mantle shear wave velocity models S20RTS and S40RTS; Ritsema et al. 1999 Ritsema et al. , 2011 , which is not the case for normal-mode spectra. In addition, the uncertainties associated with the splitting-function coefficients can be used to evaluate our data and, for example, to investigate the validity of existing mantle models.
The splitting and cross-coupling of single modes or pairs of modes can be described using the generalized splitting function approach (Resovsky & Ritzwoller 1998) . Splitting functions were introduced by Woodhouse & Giardini (1985) and the first measurements were published by Woodhouse et al. (1986) , Ritzwoller et al. (1986) , Giardini et al. (1987) , Giardini et al. (1988) and Ritzwoller et al. (1988) . Splitting functions are linearly dependent on the heterogeneous and anisotropic structure in the Earth; they are also used to visualize how a normal mode 'sees' a depth-averaged Earth structure. The splitting function coefficients c st are given by
where δm st and δh st are the coefficients of the Earth's heterogeneity (compressional velocity v p , shear wave velocity v s and density ρ) and discontinuity topography in terms of spherical harmonics and K s (r), H d s are known kernels (Woodhouse, 1980) . s is the angular order and t the azimuthal order of the spherical harmonic used to describe the structure in the Earth. a is the radius of the Earth and k denotes a spheroidal mode with radial and angular order n, l. For self-coupling, k = k and s is even. Cross-coupling between pairs of normal modes with k = k allows sensitivity to odd-degree structure, if the difference in angular order l − l between the two normal modes is an odd number. If l − l is an even number, then the cross-coupling is sensitive to even structure only.
We define the c st coefficients following Masters et al. (2000b) and Resovsky & Ritzwoller (1998) . They can be converted from the raw coefficients A st , B st (i.e. Woodhouse et al. 1986; Giardini et al. 1988; He & Tromp, 1996; Durek & Romanowicz, 1999) using
Re(c 00 ) and Im(c 00 ) are related to the shift in centre frequency f c and radial quality factor Q of each mode with respect to the 1-D reference model, using
where f is frequency in Hz and f 0 and Q 0 are the frequency and quality factor of the reference model. Splitting coefficients can be visualized by plotting a splitting function map F(θ , φ), which is analogous to a phase-velocity map in surface-wave analysis, that is,
where Y t s (θ, φ) are the complex fully normalized spherical harmonics according to Edmonds (1960) .
We use PREM (Dziewonski & Anderson, 1981) as the 1-D reference model. We also compute splitting functions for a model of heterogeneous Earth structure, to compare with our measurements. We use the shear wave velocity model S20RTS (Ritsema et al., 1999) and scaling is of the form δv p /v p = αδv s /v s and δρ/ρ = βδv s /v s . We use α = 0.5 and β = 0.3. Crustal structure is added in the form of topography, ocean depth and crustal thickness as given in model CRUST5.1 (Mooney et al., 1998) .
Synthetic seismograms
To measure splitting coefficients c st , we need to calculate synthetic seismograms for a given mode (or small group of modes) and the corresponding splitting coefficients. We use a method very similar to Li et al. (1991) . Synthetic normal-mode seismograms are computed by summation of normal modes, using the method explained in Deuss & Woodhouse (2001) . The synthetic seismogram can be written as a harmonic function of time t
where s is the source vector and depends upon the moment tensor, and r is the receiver vector and depends upon instrument orientation and incorporates instrumental response. r and s are computed for PREM (Dziewonski & Anderson, 1981) . M is the matrix containing the splitting coefficients. Without ellipticity, rotation and aspherical heterogeneity, M is diagonal and contains only the degenerate multiplet frequencies ω 2 0 , where ω 0 is frequency in radians/sec. However, M is not diagonal when rotation, ellipticity, heterogeneity and anisotropy are taken into account. In that case we have to diagonalize M to compute its exponential. We do this by using eigenvalue decomposition, that is, MU = U , where the matrix U contains the eigenvectors and is the diagonal matrix of non-degenerate eigenvalues ω 2 . The synthetic seismogram u(t) can then be written as
M is now a complex matrix that contains the degenerate multiplet frequencies ω 2 0 for PREM and the contributions of Coriolis force, ellipticity and the Earth's internal heterogeneity in terms of the splitting coefficients. In the self-coupling approximation M is a block diagonal matrix of size (2l + 1) × (2l + 1), where l is the angular order of the mode. For coupled modes, there will be both block diagonal contributions from every mode and off-diagonal blocks of size (2l + 1) × (2l + 1) describing the cross-coupling interactions. For a pair of modes k, k with degenerate frequencies ω k ,ω k in the spherical reference model, we can write M involving splitting function coefficients c st as follows:
where
are given by
where Y m l are again the fully normalized complex spherical harmonics. Equations for evaluating this integral using Wigner 3-j symbols can be found in Woodhouse (1980) and Dahlen & Tromp (1998) . The matrix W describes the effect of the Coriolis force. Ellipticity is included as an additional degree s = 2, t = 0 term in the heterogeneity and discontinuity topography coefficients. These equations reduce to well-known self-coupling equations for k = k (and thus l = l ). The matrix M and the corresponding synthetic seismogram can be computed with use of only the splitting function coefficients c st and without knowledge of the model parameters δm st , δh st and the kernels (eq. 1). Once measured, the kernels can be used to invert the c st 's for tomographic mantle and core structure.
The synthetic seismograms depend non-linearly on the splitting coefficients. To formulate the linearized, iterative inverse problem for c st we require partial derivatives of the seismogram u(t) (eq. 9). The derivatives of the seismogram u(t) with respect to the splitting function coefficients c st are:
where ω is the diagonal matrix ω = √ . A perturbation δc st in the splitting function parameters leads to a perturbation δM in the coupling matrix. We use Rayleigh's principle to find the resulting perturbation δU and δ to the eigenvalues and eigenvectors, which are needed to evaluate eq. (12). This gives for the eigenvalue correction,
where u n is a column vector of U and u −1 n is a row vector of U −1 . The corresponding eigenvector corrections are given by
δu
where ω n represent the diagonal elements of ω. These eigenvector corrections are then substituted in eq. (12) 
Inversion technique
The synthetic seismogram u(t) depends non-linearly on the splitting function coefficients c st . Therefore, the splitting function coefficients are measured by iterated damped least squares inversion (Tarantola & Valette, 1982) . We solve for c st by the iterative application of the recursion
where A i is the matrix of partial derivatives calculated using equation (7),
and c i is the model vector containing the splitting functions for one mode (or small group of modes) and c 0 is the starting model. d is the data vector containing the corresponding observed normalmode spectra, u(c i ) is the synthetic seismogram vector calculated using equation (9) and C d and C m are the a priori data and splitting function covariance matrices. The inversion is run for each of the isolated modes and groups of Table 1 separately. The posteriori resolution matrix R can be defined in the neighbourhood of the final model c ∞ ,
The trace of the resolution matrix then represents the effective number of degrees of freedom of the solution, or the effective number of independent model parameters. We assume that the data and model covariances C d and C m are the same for all data or model parameters. In this case, equation (16) can be rewritten in such a way that it only depends on C d /C m and we apply damping by using one constant damping parameter C d /C m for all the model and data parameters. The smaller this ratio becomes, the less damping is applied. We vary this ratio by several orders of magnitude and generally find that our results converge to constant values when lowering the damping value, implying that we do not have null space problems and our results are not dependent on the choice of damping parameter. The centre frequency and quality factor of the modes are the most robust parameters in the inversion, and therefore we do not damp these parameters. We estimate the optimal damping by investigating misfit, squared model size and effective number of independent model parameters as a function of the damping parameter and by cross-validation. We did not find any improvement in our results by applying derivative damping, where the model covariance matrix C m is proportional to angular order of the splitting function coefficients s. Thus, our use of a single damping parameter C d /C m is justified.
For all mantle sensitive modes with frequencies below 4 mHz, it suffices to start our inversions from the spherical reference model (PREM, Dziewonski & Anderson 1981) , taking only ellipticity and rotation into account. Such treatment prevents the choice of starting model from influencing the results for aspherical structure. For modes with higher frequencies, it is necessary to use a 3-D mantle model (in our case S20RTS, Ritsema et al. 1999 ) as a starting point in our inversion. Even for the modes for which S20RTS is used as a starting model, we find significant reduction in misfit compared to the S20RTS predictions (see Table 2 ). To measure modes sensitive to the inner core, we tried four different innercore anisotropy starting models Tromp 1993; Durek & Romanowicz 1999; Beghein & Trampert 2003) , in addition to S20RTS and only PREM. We only report inner-core sensitive modes for which the different starting models give consistent splitting-function measurements. For each inversion we use a range of damping parameters differing by several orders of magnitude. We only include splitting-function measurements for which reduced damping, does not anomalously increase splitting-function Table 2 . Normal-mode spectra used in this study; a total number of 107 504 normal-mode spectra are used in the splitting function inversions. PREM denotes the misfit including only ellipticity and rotation; the misfits for the S20RTS model and after c st measurement are also given. Bold modes correspond to new modes for which splitting functions have not been measured before, stars denote inner-core sensitive modes and 'p' denotes modes sensitive to v p in the mantle. Modes between brackets were included in the measurement procedure for completeness, but their splitting functions are not constrained well enough by the data to be reported. N ev denotes the number of events and N s the total number of spectra. coefficients. Ideally, lowering the damping leads to convergence to constant splitting-function measurements.
To determine error values for our measurements, we used crossvalidation to remeasure the splitting coefficients, leaving out different events in different runs. This procedure allows us to assess the importance of the large earthquakes, such as the 1994 Bolivia event and the 2004 Sumatra event, on the final results, as each one will be left out completely in different cross-validation runs. The maximum spread in the range of the cross-validation measurements for each measured splitting function coefficient is then used to estimate the size of the error for that coefficient. This is a conservative estimate of the error in our measurements.
DATA
We have selected normal-mode spectra for 91 large events since 1976 with M w ≥ 7.4 ( Fig. 1 and Table 1 ), which is a significant expansion of data sets used in other studies. For example, He & Tromp (1996) used only two events, the Bolivia and Kuril Islands events of 1994, to measure splitting functions. Resovsky & Ritzwoller (1998) analysed a total of 33 events from 1977 to 1995. Our data set includes spectra from seven earthquakes in continental regions, including the 2008 Wenchuan, China event (M w = 7.9), the 1999 Turkey event (M w = 7.6), and the 2005 Pakistan event (M w = 7.6) and 21 subduction zone events deeper than 100 km depth, which are useful for measuring overtones. We have also included some events with magnitude 7.4, but these are always deeper than 100 km. Shallow events with such low magnitudes do not produce spectra with high enough signal-to-noise ratio. For each earthquake we obtained up to a week of waveform data from the IRIS data centre. We do not use events which have other events of similar magnitude appearing within a week from the main event. Glitches and smaller magnitude events are removed manually, which significantly lowers the signal-to-noise ratio in the spectra. The tidal signal is removed by fitting sine curves with the tidal frequencies and removing the corresponding long-period signal from the time-series. Fig. 3 shows two example spectra, one for the large amplitude Northern Sumatra event with a depth of 25.8 km, and the other one for the much smaller magnitude M w = 7.4 event at Vanuatu with a depth of 141.1 km. The Sumatra event has a large signal-tonoise ratio, and clear modal peaks can even observed even below 1 mHz. Because this event is shallow, the fundamental mods between about 1 and 3.5 mHz have the strongest amplitudes. The smaller event at Vanuatu has a much smaller signal-to-noise ratio and we are only able to observe clear modal peaks for frequencies larger than 1.5 mHz. Because this is a deeper event, the modal peaks have larger relative amplitudes above 3.5 mHz than is seen in the larger event. This is because the deeper event excites more overtones, which become observable at larger frequencies.
We only use vertical component data, as we are interested in spheroidal modes whose main energy is on the vertical component of the seismogram. The spectra are derived from several tens of hours of seismogram to calculate spectra, which are roughly of the length of 1 Q-cycle per mode (Dahlen, 1982) . The Q-cycle of a mode is defined as the quality factor Q of a mode multiplied by its period T in seconds, and is the time required for the modal signal to decay to e −π . The first several hours of each seismogram are not used, as the body waves in this part of the signal lead to noise and interfere in the spectra. Sometimes up to 10 or 15 hours are removed, especially for the higher-order overtones, to remove the fundamental modes and other modes with shorter Q-cycles that will have attenuated after the first few hours. The time-series are padded with zeroes and Fourier transformed to the frequency domain. The synthetic seismograms are processed in exactly the same way as the real data.
The spectrum up to 10 mHz consists of a large number of toroidal and spheroidal modes. Many appear in clusters, but a significant number of modes are sufficiently isolated from other modes so that the self-coupling or group-coupling approximation can be applied. We make an initial selection of individual spectra for each mode or small group of modes for which the signal-to-noise ratio is larger than two. The signal is defined as the maximum peak of the mode, and the noise is defined as the maximum amplitude in parts of the spectra just next to the target mode where no other modes are predicted to exist. We run an inversion for this initial selection of spectra, an then reselect the spectra and remove all outliers which cannot be fit by the splitting-functions measurements. We then run a second inversion for this new data selection, to obtain our final splitting function measurements. For modes with frequency less than 1 mHz we visually inspected all spectra and we kept some records with signal-to-noise ratio of 1.5 and larger, if the spectra looked acceptable.
In total, we measure 196 splitting functions, of which 164 are self-coupled and 32 are cross-coupled splitting functions, and 92 are new measurements. Table 2 shows the list of isolated modes and groups of modes which we measured, including the number of events and total number of spectra used for each inversion. A total of 107 504 spectra have been measured, which is an order of magnitude larger than the number of spectra in previous studies. The majority of our new modes are mantle (and outer core) sensitive modes, totalling 60 newly measured mantle sensitive modes: modes sensitive to v p are labelled with 'p'. Inner-core sensitive modes are labelled with a star; we have added 10 new measurements of innercore sensitive modes to previous collections (He & Tromp 1996; Durek & Romanowicz 1999) .
We define misfit as the difference between the data d i and synthetics u i (c st ), normalized by the norm of the data, that is,
where n are the number of data points in each spectral segment and N are the total number of spectral segments for a specific mode. We take into account both amplitude and phase in calculating the misfit. Table 2 shows the misfit for each mode with respect to the PREM model, including only splitting due to ellipticity and rotation. Also shown is the S20RTS + CRUST5.1 misfit and the misfit including our new splitting function measurements. The PREM misfit is smaller than 1 for the longest period normal modes, and only modest improvement is obtained when adding our splitting function measurements. This is to be expected, as splitting of the longest period normal modes is dominated by ellipticity and rotation. For the shorter period normal modes, the PREM misfit is larger than 1. Since these modes are strongly sensitive to mantle heterogeneity, a significant reduction in misfit is obtained when our splitting function measurements are incorporated in synthetic spectra. Fig. 4 shows an observed spectral window for mode 0 S 6 and illustrates the improvement in misfit between data and synthetic when including our splitting function measurement as compared to using PREM and splitting due to ellipticity and rotation only. Table 3 shows the centre frequency and Q of all our measured splitting functions; for completeness we have also included the longperiod modes, which were already discussed by Deuss et al. (2011) . Tables with all even-degree self-coupling splitting-function coefficients and even-and odd-degree cross-coupling coefficients can be found in additional online material to this paper and also online at http://bullard.esc.cam.ac.uk/˜deuss/research/splitting-functions/. Most modes below 3 mHz have been measured before by Resovsky & Ritzwoller (1998) , and our results show very similar splitting function coefficients for a large number of modes, especially at low angular order. However, our data set is significantly larger, so we have been able to measure the splitting function coefficients up to higher angular order. We have also been able to improve the measurements of several modes, which are more difficult to observe and benefitted from our new data set. We will focus our discussions here on the modes which are significantly different as they are the ones that are providing us with new and improved constraints. Fig. 5 compares splitting function measurements for five modes with the measurement of Resovsky & Ritzwoller (1998) and the prediction for S20RTS and CRUST 5.1. For these modes, our splitting functions are different than those measured by Resovsky & Ritzwoller (1998) which, we believe, is because we use a data set which is 10-20 times larger. For example, for modes 1 S 14 , 2 S 12 and 3 S 9 we have been able to measure splitting functions up to larger maximum angular order s max . Our observations are also more similar to the predictions for S20RTS + CRUST5.1 than the Resovsky & Ritzwoller (1998) measurements for these three modes. We measured all of these modes starting from PREM, so any similarity with S20RTS predictions is not because of damping towards S20RTS. We also find significant misfit reduction for our measurements as compared to the S20RTS misfit (Table 2) .
S P L I T T I N G F U N C T I O N O B S E RVAT I O N S
Mantle sensitive modes
Comparison with previous measurements
Mode 1 S 14 is almost a Stoneley mode (i.e. confined to the boundary between the mantle and core), and strongly sensitive to the core-mantle boundary (CMB) region (Fig. 5a) . Thus, its splitting function will have an important effect on determining potential anticorrelation between δv s /v s and δρ/ρ in the lowermost mantle. In our measurement, mode 1 S 14 now shows the expected signature of a mantle-sensitive mode, with positive frequency anomalies in a ring around the Pacific surrounding negative frequency anomalies in the mid-Pacific and under Africa. This signature is also predicted by S20RTS+CRUST5.1. In contrast, the Resovsky & Ritzwoller (1998) splitting function resembles the zonal structure expected for inner-core sensitive modes, although 1 S 14 is not sensitive to the inner core. We believe our observation is more representative of real mantle structure since it matches traveltimes of Sdiff. We found that we were only able to robustly measure this mode by including cross-coupling with 0 S 21 .
Our observed splitting function for mode 2 S 12 (Fig. 5b) is very similar to the predictions by S20RTS + CRUST5.1. This mode is mainly sensitive to upper-mantle shear wave velocity v s , which is very well predicted by S20RTS because of the use of surface waves in its construction. Thus, normal modes and surface waves give very similar structure for upper-mantle v s . Even though there is such good agreement with S20RTS, we still find that our splitting function gives a significant additional improvement in misfit (Table 2) ; the S20RTS misfit is 0.37, which reduces to 0.19 for our measured splitting function. Modes 3 S 9 and 4 S 4 (Figs 5c and d) are also dominated by upper-and lower-mantle v s structure and again agree well with predictions by S20RTS.
Mode 5 S 4 (Fig. 5e ) has stronger sensitivity to mantle v p than to v s . For this mode, the agreement with S20RTS is much lower, which is to be expected as S20RTS is a shear wave model and it indicates that Figure 5 . Our splitting function observations compared with the S20RTS + CRUST5.1 predictions and corresponding the splitting functions previously measured by Resovsky & Ritzwoller (1998) (denoted 'R&R' ). For the splitting function observations, s max indicates the maximum angular order of the splitting function and N s is the number of spectra used for the inversion. All our splitting functions in this figure are measured from PREM and without knowledge of the S20RTS + CRUST5.1 predictions. Also shown are the degree s = 0 sensitivity kernels K s , where the solid black line is v s , the solid red line is v p and the dotted line is ρ. a constant depth scaling to get δv p /v p is not correct. The PREM misfit for this mode is 0.50, which only reduces to 0.45 for the S20RTS model. A further reduction in misfit to 0.21 is obtained for our splitting function.
New mantle v p sensitive modes
To improve constraints on mantle compressional velocity v p , we investigated previously unmeasured modes with strong sensitivity to v p . We observed strong isolated peaks for many new groups of modes in the spectra between 4 and 10 mHz. Fig. 2(a) shows angular order l versus frequency ω k for all our measured modes, and Fig. 2(b) shows a subset of all the modes which are strongly sensitive to mantle v p . It is obvious that these modes form 'branches' that cross-cut the conventional overtone branches with constant n, but can still be ordered in terms of increasing angular order l. Fig. 6 shows sensitivity kernels for four branches, which differ by the number of maxima in the v p mantle sensitivity kernels. The first v p branch has one maximum in the mantle, the second v p branch has two maxima etc. The branches behave in the same way as conventional mode branches, i.e. the sensitivity kernels of a given branch vary smoothly with angular order l and the sensitivity kernels of each branch increase near Earth's surface for the larger values of l, similar to the standard fundamental branch 0 S l . Table 3 shows the centre frequency and Q measurements for the v p sensitive modes. We observe that for the first branch, our Q measurements are all larger than the PREM predictions, while for the fourth branch our Q measurements are smaller than PREM. These provide new constraints on the radial variations of Q μ and Q κ in the mantle.
We measured 33 new mantle v p sensitive modes which had not been measured before. It is therefore important to test whether our measurements are robust, especially at these relatively high frequencies, and whether potential interference with other modes has been taken into account properly. It is useful to check branch consistency of the splitting function coefficients. The sensitivity kernels only change smoothly with increasing l (Fig. 6) , so we expect that the coefficients vary smoothly with increasing l. We found that this is indeed the case for all our v p branches modes. Fig. 7 shows the branch consistency for the s = 2 coefficients of the first three v p sensitive branches. Also shown are the predictions for shear wave velocity models S20RTS and S40RTS (Ritsema et al., 1999 which are scaled to get compressional mantle velocity. We find that neither of these two models predict the v p sensitive modes well, which is not surprising as these modes were not included in the construction of these models. Also, these models assume a constant scaling between δv s /v s and δv p /v p , and our new observations of v p sensitive modes shows that this is not the case providing new constraints on the compressional structure of the lower mantle. Fig. 8 shows one example splitting function map for each of the v p branches. Overall, the splitting functions show the expected 'ring around the Pacific' as is also predicted by S20RTS + CRUST5.1. The consistency of these features across all four observed splitting functions, indicates that our measurements are robust. This is especially encouraging as these modes are measured in different groups and frequency ranges and some in the self-coupling approximation and others are cross-coupled to close lying neighbouring modes. However, there are also consistent differences between our measurements and the S20RTS mantle predictions. This is evident in the misfit calculations (see Table 1 ), which are all much larger for the S20RTS predictions than for our splitting function measurement. For example, for mode 5 S 14 the S20RTS misfit is 1.23, which reduces to 0.29 for our measured splitting function. Differences can also be seen in the splitting function maps of Fig. 8 . A high-frequency anomaly extends across Asia and Northern Europe in 5 S 14 , 12 S 13 and 15 S 16 , which is not as strong in the predictions. Another high-frequency anomaly in the South Pacific just South of 30
• S also is not seen so strongly in the predictions. The predictions are obtained by using a constant depth scaling between δv s /v s and δv p /v p , which clearly cannot fully explain our newly measured v p sensitive modes.
Odd-degree mantle structure
The generalized splitting function technique also allows for the analysis of cross-coupled modes, and hence provide information on odd-degree structure. We included cross-coupling for most groups of modes in Table 2 , but will discuss only the ones for which the measured splitting functions are robust. Some cross-coupled structure coefficients were measured by Resovsky & Ritzwoller (1998) and we find that our results for modes pairs such as 1 S 5 − 2 S 4 and splitting functions which are sensitive to even-degree mantle structure. Fig. 9 shows examples of our new cross-coupled odd-degree splitting functions. The overall pattern of our observed splitting functions is similar to the S20RTS + CRUST5.1 predictions. However, there are also significant differences which are larger than seen in the even-degree self-coupled splitting functions ( Fig. 5 and  8 ). Constraints on odd-degree mantle structure in S20RTS come from surface waves and body waves only, so it is not surprising that the longest period odd-degree normal-mode structure is not as well predicted by S20RTS.
Inner-core sensitive modes
Observations of the splitting of inner-core sensitive modes have been used extensively to study the anisotropic structure of the Earth's inner core Tromp 1993; Beghein & Trampert 2003) . We have found that we were not able to make robust measurements for some previously measured inner-core sensitive modes. Mode 6 S 1 was only measured by Resovsky & Ritzwoller (1998) , but we found that there was no signal visible in individual data spectra, not even for large and deep earthquakes such as the Bolivia 1994 event. For modes 21 S 8 and 27 S 1 , we found that the c 20 coefficients in particular are poorly constrained. On the other hand, we were able to measure several new inner-core sensitive modes which had not been measured before. These are 11 S 1 , 11 S 6 , 13 S 6 , 15 S 4 , 17 S 8 , 18 S 6 , 20 S 1 , 20 S 5 , 25 S 1 and 25 S 2 . We have also made a new measurement for mode 16 S 6 , which was measured before by Widmer et al. (1992) , but not by the more recent studies of He & Tromp (1996) and Durek & Romanowicz (1999) . We find that all of our newly measured modes (except for 15 S 4 ) have a lower measured Q than predicted by PREM, suggesting that the inner core may be more strongly attenuating than previously thought. Fig. 2(c) shows the angular order versus frequency of all our measured inner-core sensitive modes. Just like mantle-sensitive modes, the inner-core sensitive modes are divided into modes mainly sensitive to v s , also called 'PKJKP' modes, and modes mainly sensitive to v p but also with some v s sensitivity, the 'PKIKP' modes (Deuss, 2008) . For a given overtone number n, the low angular order l modes are 'PKIKP' (or v p ) modes and the signature changes to 'PKJKP' (or v s ) modes for increasing angular order. Fig. 10 shows splitting function observations for two inner-core sensitive modes which have not been measured before. Mode 13 S 6 (Fig. 10a) is a 'PKJKP' mode with small v s sensitivity to the inner core. This mode shows the typical 'zonal' structure which is seen in inner-core sensitive modes; this zonal structure is not seen in the S20RTS + CRUST5.1 predictions. Mode 20 S 1 is a 'PKIKP' mode ( Fig. 10b) with strong sensitivity to v p , and again displays zonal structure which cannot be matched by S20RTS + CRUST5.1. Fig. 13a ), the green diamonds denote model predictions for hemispherical boundaries at 0 • and 180 • and the red diamonds for hemisphere boundaries at 14 • E and 151 • W. The predictions are for the inner-core anisotropy model of Durek & Romanowicz (1999) .
All our inner-core sensitive modes show zonal structure which is due to anomalous c 20 coefficients, which cannot be explained by mantle structure only and thus require the presence of innercore anisotropy (see Fig. 11a ). It has been well known from previous splitting function studies that the c 20 and c 40 coefficients of inner-core sensitive modes are strongly underpredicted by mantle models only He & Tromp 1996; Durek & Romanowicz 1999) , while the other coefficients are close to mantle predictions. These anomalous coefficients have been attributed to inner-core anisotropy. In particular, cylindrical anisotropy with its symmetry axis aligned with the Earth's rotation axis explains the 'zonal splitting' seen in these coefficients Tromp 1995) , in agreement with bodywave traveltimes observations of inner-core anisotropy (i.e. Morelli et al. 1986; Creager 1999) . Here, we show for the first time that the c 60 coefficients are also anomalous (Fig. 11c) . Whereas the c 20 coefficients are always positive in sign, the c 40 and c 60 coefficients have positive and negative values. The new modes and the c 60 coefficients will provide improved constraints in future models of inner-core anisotropy.
Odd-degree inner-core structure
Cross-coupling between inner-core sensitive modes allows for measuring hemispherical structure in inner-core anisotropy (Deuss et al., 2010) , which had been observed in body-wave studies only (Tanaka & Hamaguchi, 1997; Niu & Wen, 2001; Irving & Deuss, 2011) . Hemispherical structure is odd-degree, and therefore can only be observed using cross-coupled modes (Irving et al. 2009 ). Such coupling was shown to be strong for pairs of modes where one is an observable inner-core sensitive mode, and the other one is an innercore confined oscillation (denoted J in Table 1 ). We calculate splitting function coefficients for hemispherical inner-core anisotropy using the theory of Irving et al. (2009) . If cylindrical anisotropy is present in the Western Hemisphere only with boundaries at 0
• and 180
• longitude, then the odd-degree coefficients are dominated by Im (c 31 ) and Im (c 51 ) (see Fig. 12 ). These are the odd-degree equivalents of the dominant c 20 and c 40 coefficients in the self-coupling measurements of inner-core sensitive modes. For the hemispheres boundaries at longitudes of 14
• E and 151
• W, additional coefficients Re(c 31 ) and Re(c 51 ) appear. Deuss et al. (2010) reported observations for the three pairs of modes 8 S 5 -5 S J 10 , 14 S 4 -11 S 7 and 16 S 5 -17 S J 4 (which have been repeated here for completeness, see Fig. 13a-c) . In this study, we have added one more pair of cross-coupled inner-core sensitive modes, that is, 11 S 1 -8 S J 4 (Fig. 13d) . For these pairs, we first measure the splitting function without cross-coupling and calculate the corresponding misfit. We then add cross-coupling for odd-degree structure and for each pair the misfit significantly improves. Thus, we believe that all these mode pairs robustly show hemispherical structure in their cross-coupled splitting function. Fig. 13 shows the observed odddegree splitting functions for these four mode pairs, compared with predictions for mantle structure only. Similarly to what is seen in Fig. 10 , mantle structure cannot explain the strong antisymmetric zonal splitting which is observed in the real data splitting function.
D I S C U S S I O N A N D C O N C L U S I O N S
We have measured a new data set of 196 normal-mode splitting functions, of which 92 had not been measured before. Our splitting function coefficients can be found online at http://bullard.esc.cam.ac.uk/˜deuss/research/splitting-functions/ and are also available as online supplement at Geophysical Journal International. Previous data sets were dominated by modes sensitive to mantle shear wave velocity or inner-core structure. Our data set contains 33 new modes which are mainly sensitive to compressional (Irving & Deuss, 2011). wave velocity in the mantle, which will provide new constraints on the upper-and lower-mantle compressional structure and on the scaling ratio between δv s /v s and δv p /v p . We have also significantly expanded the number of cross-coupled odd-degree splitting functions with mantle sensitivity to a total of 18. This quantity of odd-degree splitting functions will make it feasible to constrain odd-degree mantle structure using splitting functions. Finally, we added 10 new inner-core sensitive splitting functions and found that anomalous zonal structure, representative of inner-core anisotropy, is also present at degree 6 (i.e. c 60 ), in addition to degrees 2 and 4 (i.e. c 20 and c 40 ).
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